Abstract-The rise of the need of fading radio channel simulators is due to time and cost of field tests of wireless communications systems. There exist two approaches to design a hardware based fading simulators, namely the filter based and sum of sinusoids (SOS) methods. This paper introduces a hardware based Ricean fading simulator that is based on SOS and utilizes empirical formulas that were derived based on extensive measurements to estimate the Ricean distribution K factor. The simulator presented here can simulate the Ricean fading radio channel under different parameters including antenna height, antenna beam width, season and distance between the transmitter and the receiver.
INTRODUCTION
A main issue in wireless communication is fading. The fading statistics are highly related to the environment where the signal propagates. It's highly desirable to be able to reproduce the environment conditions in the laboratory to be able to evaluate the performance of different radios and to ensure a successful communication instead of field tests, which are time consuming, expensive and difficult to control.
There are two approaches to design fading simulator. The first one is sum of sinusoids (SOS) that was first introduced by Rice [1] . The SOS approach is based on the superposition of infinite number of sinusoids with random phases and weighted amplitudes. The second approach which is the filter based requires shaping the spectrum of white Gaussian noise with a filter that has a frequency response or a transfer function that is equal to the square root of the power spectral density (PSD) of the desired stochastic process [2] . The SOS based simulators are easier to implement than the filter based but the filter based simulators can regenerate a more accurate statistics of the fading channel. Some of the fading simulators that are based on SOS are presented in [3] and [4] . Some of the fading simulators that are based on filter-based approach are shown in [5] and [6] .
The development of hardware based fading simulators started in 1973 [7] . A digital version of the analog fading simulator in [7] was then developed in 1990 [8] using the same concept of modulating the RF signal with low-pass Gaussian random signals. The design of the simulator started using digital signal processors (DSP's) in the 1990's as shown in [9] and [10] . The recently developed simulators use
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FPGAs due to their compactness and flexibility. A simulator that is based on SOS and implemented on an FPGA is presented in [11] . A simulator that is based on the filter approach and implemented on an FPGA is presented in [12] .
The simulator presented here is based on SOS and uses empirical results as the basis for its fade characteristics, which makes it more realistic. It can simulate the Ricean fading channel using some field test parameters such as antenna height, antenna beamwidth, season and distance between the transmitter and the receiver. The statistical properties of the simulator presented here are verified to fit with the Ricean distribution.
The rest of this paper is organized as follows. In section II, a theoretical background for the simulator is addressed. In section III, the experimental procedure used to design and build the simulator is presented. The results and its validation are then presented in section IV. Finally the conclusion is in section V.
II.
THEORETICAL BACKGROUND
A. Ricean distribution
As the signal propagates from the transmitter to the receiver, it is subjected to reflection, refraction and diffraction. This causes the received signal to be of a superposition of many copies of the transmitted signal. This causes the amplitude of the received signal to fluctuate. One of the fading distributions is Ricean distribution that assumes a line of sight signal and an infinite number of multipath signals between the transmitter and the receiver.
When the complex path gain consists of a constant component plus a zero-mean Gaussian fluctuating component, the resulting time varying envelope follows a Ricean distribution. The probability density function (PDF) of the Ricean distribution of the received power is given by (1) where P is the received power and f5 is the local mean power. The Ricean K parameter is the ratio between the power of the line of sight signal and the summation of power of the multi path signals. K is the defining parameter of the Ricean distribution and it is a measure of the severity of the fade.
(1)
ISSN:1882-5621/13/ ©2013 NICT (2) The PDF of the Ricean distribution is shown in Figure 1 which shows that as K increases the PDF of the received power gets narrower and sharper, which indicates that as K increases the fluctuation in the signal decreases. The reason for that is that as K increases the power of the constant line of sight signal increases as compared to the fluctuating multipath signals. When K = 0, the Ricean distribution degenerates to a Rayleigh distribution. Different methods have been derived to estimate the value of K for various channel environments. Some of these methods are based on the measured received power versus time data and some are based on the field strength data. A maximum likelihood estimator (MLE) using an expectation/maximization algorithm was derived in [13] . The MLE method is complicated and time consuming. The MLE was developed in [14] to use samples from the fading envelope along with samples from the fading phase. The collected data for the fading simulator presented here is power vs. time, making use of this method or the field strength method unfeasible.
An easy and rapid way to estimate the value of K is the moment method presented in [15] . It uses the collected power versus time measurements to estimate K. This method uses the first and second moments of the received power envelope. The complex path gain of a narrowband wireless channel is characterized by a frequency-flat response
where V is a complex constant (line of sight) and v(t) is a complex zero-mean random time variation (multipath signals). The corresponding power gain G is given by (5) and (6) From the first and second moment it was shown that K is defmed by
To derive a model for K, the group in [16] used the extensive measurements they collected in four different locations for Ricean fading. The experiment parameters are antenna heights, antenna beamwidth, season and distance. They derived empirical formulas to estimate the K parameter based on the four experiment parameters.
The derived formulation for K is:
where the factors in (8) are defined as follows.
Fs is the seasonal factor {l. O 
Fb is the beamwidth factor
(10)
Ko and yare constants to be optimized via regression fitting. The distance d is in km, the antenna height h is in meters and the beam width b is in degrees.
III. EXPERIMENTAL PROCEDURE
The Ricean fading simulator developed here is hardware based and is controlled with a MA TLAB program. Figure 2 shows a block diagram of the Ricean fade simulator. The Ricean fading simulator consists of a beam former board, cables with different lengths, signal normalizers and signal combiner/divider. Fig. 2 . A block diagram of the Ricean fading simulator
A. The beamformer board
The key component in the fade simulator is the beamformer board shown in Figure 3 . The beam former board was designed to operate at 5.8 GHz. It has two inputs (TxIRx signal and serial bit streams), one input/output (5.8 GHz signal) and eight identical input/output channels (5.8 GHz signal). The board's input/output is the 5.8 GHz signal that is either divided into eight signals if the board is in the transmitting mode or combined from the eight channels if the board is in the receiving mode, using an eight way microstrip line power divider/combiner. The two inputs are the serial data bit stream that is sent from the Xilinx Spartan 3N FPGA to the phase shifters and attenuators and the TxlRx signal that instructs the beam former to work in either the transmitting or the receiving mode. The TxIRx signal is either driven from a radio if the input signal is coming from a radio or from a DC power supply if the input signal is coming from the network analyzer or other CW RF signal source. The beamformer board is in the transmitting mode if the TxlRx signal is low and in the receiving mode if the TxlRx signal is high. Each of the eight channels has an attenuator, a phase shifter, two switches, a power amplifier, a low-noise amplifier and a band-pass filter. When the board is in the transmitting mode, which means that the two switches on each channel are triggered to enable the signal to propagate towards the cables, the 5.8 GHz input signal is divided to eight signals. The signal propagating through each channel is first attenuated with the appropriate attenuation using the 6-bit attenuator then phase shifted with the appropriate phase shift using a 6-bit phase shifter and finally amplified. The Ricean distribution theory assumes a line of sight signal and an infinite number of random time variant multipath signals superimposed on the line of sight signal. It is not practical to simulate an infinite number of signals. The approximated simulation for the theory is to use a line of sight signal and seven multipath signals since the beamformer board has only eight channels. This means that one of the channels is assigned to be the fixed line of sight signal while the seven other channels are the varying multipath signals. This yields (12) The muItipath signals are varied continuously using the 6-bit attenuator (HMC425LP3) and phase shifter (MAPCGM0002) on each channel. The HMC425LP3 has an attenuation range of 0 dB 31.5 dB in steps of 0.5 dB. The MAPCGM0002 has a phase shifting range of 360° in steps of 5.6°. The goal was to generate attenuation and phase shift ratios from the equation above that fulfills the Ricean distribution. These ratios are then multiplied by the maximum attenuation and phase shift values to generate weights understood by the attenuators and phase shifters which are then converted into a serial bit stream. Each set of attenuation and phase shift weights is considered a row. The weights are generated for a large number of rows (n) to simulate the fading channel for a sufficient period of time enough to collect the output data and study its statistical characteristics.
The Ricean fading simulator software development consists of three main steps: generating the serial bit stream of the random attenuations and phase shifts according to the Ricean fading distribution, using the DAQ card to send the serial bit stream to the FPGA on the beamformer board and programming the FPGA to receive the serial bit stream and then sending it to the attenuators and the phase shifters which is done only once prior to integrating the system. Figure 4 shows the software development of the fading simulator. A MA TLAB program that generates a serial bit stream of random attenuations and phase shifts weights is first run. The serial bit stream is then sent from MA TLAB to the FPGA board through the Data Acquisition (DAQ) card. The FPGA then sends the serial bit stream to the 6-bit attenuators and 6-bit phase shifters. There are four serial bit streams sent from MATLAB to the FPGA which are the clock signal, the data's serial bit stream, serial enable bit and register enable bit as shown in Figure 5 . The eight phase shifters and attenuators require 96 bits. The FPGA is programmed such that as long as the serial enable bit is high and the register enable bit is low, the received data bits are stored in the register. After the 96th bit, the serial enable bit goes low and the register enable bit goes high which triggers the FPGA to send the 96 bits saved in the register to the assigned attenuators and phase shifters. A MATLAB GUI shown in Figure 6 was designed to enable the user to use the fading simulator easily. The user inputs the desired antenna height, antenna beam width, season and distance between the transmitter and the receiver to the GUI. The MA TLAB code then calculates the value of K based on the equations (8) -(11) and then generates the required weights then sends them to the simulator. The fading simulator is in the transmitting mode if the TXlRX is low which means that the signal propagates from left to right in Figure 2 ; from the CW source or radio to the beamformer board to the normalizers to the combiner and then to the spectrum analyzer or the other radio. The fading simulator is in the receiving mode if the TxlRx is high which means that the signal propagates from right to left in Figure  2 ; from the CW source or radio to the power divider to the normalizers to the beamformer board and then to the spectrum analyzers or the other radio. If the input RF signal is driven from a CW source, the TxlRx is inputted from a DC power supply. If the input RF signal is driven from a radio under test, the TxlRx is driven from that radio and the simulator switches between the two modes automatically.
IV. RESULTS
The fading simulator was set in the transmitting mode by grounding the TxlRx signal. A picture of the fading simulator is shown in Figure 7 .The 5.8 GHz signal was provided from the network analyzer. The MAT LAB program was run for n = 100 which covers a time span of 150 seconds, since the measured coherence time is 1.4 to 1.5 seconds which is in agreement with the experimental measured coherence time in [16] of 1 to 2 seconds and 0.1 to 2 seconds of [17] . The moment method estimation developed explained in section III was used to estimate the value of K from the collected power vs. time measurements. Table II shows the estImated values of K for the five inputted values of K = 1, 6, 10, 16 and 24 for the five runs as well as their means and standard deviations. The calculated means for the five runs are 9%, 7%, 3%, 7% and 11 % less than the inputted value for K = 1, 6, 10, 16 and 24, respectively. The estimated K value is smaller than the inputted K value because the measured attenuators range of attenuation was between 24.67 dB to 31.96 dB and not an exact 31.5 dB as stated in the datasheets The measured low attenuation range means that the signals are stronger than they should be which leads to higher fluctuation range in the received signal; the higher the signal fluctuation the lower the estimated K value. The lower the standard deviation values as compared to the mean, the better the results. This means that the results are closer to the mean value and less spread which makes them closer to the inputted values. For K = 1, the results showed a relatively higher standard deviation than for high K values. One standard deviation means that around 68% of the estimated values are within the range of (mean ± standard deviation). One standard deviation represents 40%, 10.5%, 10%, 6.8% and 10% of the means for the results of K = 1, 6, 10, 16 and 24, respectively. Figure 9 shows the PDF of the received power for different K values for the first run. The measured PDF plots for the five runs show good agreement with the simulated results shown in Figure 1 . The measured and simulated PDFs indicate that as the value of K increases, the PDF gets narrower and sharper which indicates that the signal fluctuates less. The CDF of the collected data was fitted to an ideal Ricean CDF as another method to validate the results. Ii'-P --+-----t--l 
V. CONCLUSION
The hardware based fading simulator presented here provides an accurate simulation of the Ricean fading over the range of K = 1 to K = 24 with a systematic bias of 8%. It introduces a new approach to reproduce field test parameters such as antenna height, antenna beamwidth, season and distance between the transmitter and the receiver in the laboratory environment which will make testing of new radios less expensive and more time effective than field tests.
